Nearly all mitochondrial proteins are nuclear-encoded and are targeted to their mitochondrial destination from the cytosol. Here, we used proximity-specific ribosome profiling to comprehensively measure translation at the mitochondrial surface in yeast. Most inner-membrane proteins were cotranslationally targeted to mitochondria, reminiscent of proteins entering the endoplasmic reticulum (ER). Comparison between mitochondrial and ER localization demonstrated that the vast majority of proteins were targeted to a specific organelle. A prominent exception was the fumarate reductase Osm1, known to reside in mitochondria. We identified a conserved ER isoform of Osm1, which contributes to the oxidative protein-folding capacity of the organelle. This dual localization was enabled by alternative translation initiation sites encoding distinct targeting signals. These findings highlight the exquisite in vivo specificity of organellar targeting mechanisms.
T he vast majority of mitochondrial proteins (~99% in Saccharomyces cerevisiae) are encoded in the nuclear genome (1) . These proteins are translated in the cytosol and must be sorted into the matrix, inner membrane (IM), intermembrane space (IMS), and outer membrane (OM) of the mitochondrion by a network of channels and chaperones. While the predominant view is that protein import into mitochondria occurs posttranslationally on unfolded polypeptides, cotranslational translocation has been demonstrated for some substrates (2) . Moreover, ribosomes have been observed on the OM by electron microscopy (3), and numerous mRNAs associate closely with mitochondria (4) (5) (6) , consistent with a broader role for cotranslational protein insertion.
To directly evaluate which proteins are translated on the surface of mitochondria in an unperturbed context, we applied the proximity-specific ribosome profiling technique (7) . This approach involves in vivo biotinylation of Avi-tagged ribosomes that are in contact with a spatially localized biotin ligase (BirA), followed by affinity purification of biotinylated ribosomes and readout of translational activity by deep sequencing of ribosome-protected fragments. To mark ribosomes selectively on the mitochondrial surface, we fused BirA to the C terminus of OM45, a major component of the OM (Fig. 1A) . Whereas a cytosolic BirA efficiently labeled both Avi-tagged large (Rpl16/uL13) and small (Rps2/uS5) subunits (7), Om45-BirA only biotinylated the large subunit, indicating that labeled ribosomes were constrained at the mitochondria with their peptide exit tunnels facing the OM (Fig. 1B) . This pattern was observed for cotranslational import at the ER (7), arguing that ribosomes marked by Om45-BirA are engaged in protein translocation.
Proximity-specific profiling experiments were performedwith a brief (2-min) pulse of biotin in the absence of any translation inhibitors, to preserve the in vivo rates of translation and targeting. Of the enriched genes ( fig. S1A ), 87% were annotated as mitochondrial, and a clear subset of expressed mitop2 (1) mitochondrial reference genes (156 out of 551) were cotranslationally targeted ( Fig. 1C and table S1 ). Each mitochondrial sublocalization was significantly enriched in cotranslationally targeted proteins (P < 0.05, Fisher's exact test). The IM proteins were distinct among sublocalizations (Fig. 1D) ; most IM proteins were cotranslationally targeted, whereas smaller subsets of OM, IMS, and matrix proteins were enriched ( fig. S2A ). By virtue of their transmembrane domains (TMDs), the IM proteins must simultaneously avoid aggregation in the cytosol and errant integration into other membranes. Cotranslational insertion may minimize the potential for toxicity associated with the accumulation of membrane proteins in the cytosol (8) .
Omission of translation elongation inhibitors in the above experiments allowed us to define the proteins that were unambiguously translated at the mitochondrial surface. However, these were only a subset of the mRNAs that purify with mitochondria in the presence of the translation elongation inhibitor cycloheximide (CHX) (table S1) (5) . We reasoned that by providing a prolonged time for ribosome-nascent chains (RNCs) to engage mitochondria, CHX pretreatment would yield a more comprehensive view of the mitochondrial proteome. Indeed, when we included CHX, we maintained mitochondrial specificity ( fig. S1 , B and C) but observed a large increase in the number of enriched proteins ( Fig. 2A) . For example, 68% (131 out of 191) of the mitop2-annotated matrix proteins were enriched compared to 27% (51 out of 187) without CHX (Figs. 2B and 1D).
We focused on the subset of genes that had a high probability of containing N-terminal mitochondrial matrix and IM protein-targeting sequences (MTSs), as predicted by MitoProt (9) . The bimodal distribution of enrichments for this group raised the question of why some RNCs were translocation incompetent. We observed a clear difference in protein size between the enriched and depleted matrix proteins; the large majority of RNCs observed at the mitochondria were more than~180 codons in length (Fig. 2C  and fig. S3 ).
Mitochondrial proteins were selectively enriched across a wide range of expression levels ( fig. S1C ). This sensitivity allowed for the identification of 39 candidate mitochondrial proteins translated at the OM with no prior mitochondrial annotation in mitop2, Gene Ontology (GO), or Yeast GFP Fusion Localization databases (1, 10, 11) ( Fig. 2A and table S1 ). These genes were more likely to contain MTSs, as predicted by Mitoprot (9), than nonenriched genes (P = 0.002, MannWhitney U test) ( fig. S1D ), supporting their candidacy as mitochondrial. Among this set was Hap1, a heme-responsive transcription factor (12) . A Hap1-GFP (green fluorescence protein) fusion expressed from the endogenous locus was found both in the nucleus, as expected, and in the mitochondria, as predicted by our translational enrichments (Fig. 2D ). Heme biosynthesis occurs in the mitochondria and is regulated by Hap1. Because MTS-mediated import requires an energized IM, Hap1 localization may allow for direct sensing of mitochondrial integrity. Hap1 sequestration in mitochondria could allow the cell to tune nuclear transcriptional activity through Hap1 localization (13) .
We next investigated the evolution of mitochondrial protein localization among paralogs. S. cerevisiae underwent a whole-genome duplication (WGD)~100 million years ago, making it well suited for exploring changes in protein localization between duplicate paralogs (termed ohnologs) (14) . With the exception of the IM proteins, we found notable fluidity in the targeting of ohnologs to mitochondria that was not due to disparity in expression levels (Fig. 3A) . By contrast, targeting of ohnologs to the ER rarely showed discrepancies between paralog pairs (Fig.  3B ), emphasizing the relative plasticity of the mitochondrial proteome. In contrast to proteins residing in the ER or mitochondrial IM, matrix and cytosolic proteins have similar environments, which would allow proteins to function in either location.
We further exploited our mitochondrial and ER protein localization data sets to explore the extent to which individual proteins show dual localization between the two intracellular sites. The close physical association of these organelles makes the biochemical isolation of pure mitochondria and microsomes challenging, confounding searches for dual localization in such preparations. For example, the ERMES complex, which tethers the ER and mitochondria (15) , was originally thought to be exclusively mitochondrial. Proximity-specific ribosome profiling of the mitochondria and ER resolved components of the ERMES complex to their respective compartments and provided highly specific catalogs of SCIENCE sciencemag.org proteins at each organelle (Fig. 4, A and B, and  fig. S4 ).
Very few proteins exhibited dual localization. Most proteins with both secretory and mitochondrial annotations (10) were cotranslationally inserted exclusively to the ER (Fig. 4B) . Among the few counterexamples was the fumarate reductase OSM1. Although several studies suggest that Osm1 localizes exclusively to the mitochondria (11, 16, 17) , high-throughput studies hint at a possible ER function. Specifically, a genetic-interaction data set indicated that osm1D shows a synthetic sick phenotype with a hypomorphic temperaturesensitive allele of ERO1 (18) (fig. S5) , the protein responsible for driving disulfide bond formation in the ER. Additionally, Osm1 is included in the N-glycoproteome, consistent with its entry into the secretory pathway (19) . Our analysis of the glycosylation pattern of Osm1 and fluorescence microscopy of an endogenously expressed Osm1-GFP fusion protein demonstrated that Osm1 is localized to both the ER and mitochondria (Fig.  4, C and E) .
Given the exquisite specificity of the vast majority of ER signal sequences (SSs) and MTSs, how is Osm1 efficiently targeted to both organelles? Ribosome profiling experiments using lactimidomycin (LTM), which leads to the accumulation of ribosomes at translation start sites (20) , revealed that OSM1 possesses two functional in-frame start codons predicted to encode either an ER (Met 1 ) or MTS (Met 32 ) signal (Fig.  4D) . Mutation of the upstream methionine to alanine (Met1Ala) resulted in strict mitochondrial localization, whereas the Met32Ala mutant localized exclusively to the ER (Fig. 4E) .
Osm1 homologs, including those of non-WGD yeast species, are predicted to contain SSs (21) (fig. S6 ), emphasizing the conserved ER localization of this class of fumarate reductases. Given the genetic interaction between ERO1 and OSM1, an appealing function for this ER-localized form is to drive oxidative protein folding. Ero1 is a flavoprotein, and its reoxidation, following disulfide bond catalysis, can be driven by oxidized FAD (22, 23) . Furthermore, studies of oxidative folding under anaerobic conditions suggest that fumarate is the terminal electron acceptor and Osm1 generates free oxidized FAD via the reduction of fumarate (24) . Consistent with this model, we found that the ER-form of Osm1 (Met32Ala), but not the mitochondrial-form (Met1Ala), supported growth under anaerobic conditions (Fig. 4F) .
Proximity-specific ribosome profiling allowed us to elucidate several fundamental aspects of mitochondrial biogenesis. First, we discovered a major role for cotranslational targeting, but one that is most prominent for IM proteins. Second, we found that ohnologs encoding soluble proteins exhibit a high degree of fluidity in their mitochondrial localization, facilitating the exchange of function between the mitochondrial matrix and the cytosol. This plasticity may have facilitated or have been driven by the metabolic changes associated with a switch toward preferring fermentation over respiration that occurred after the WGD in budding yeast (the Crabtree effect) (25) . Third, we demonstrated the exquisite specificity of protein targeting to the ER versus mitochondria in vivo. How targeting factors, such as SRP (26) and NAC (27) , act on diverse RNCs to create this specificity in vivo remains an open question. Imaging Center provided technical support. We thank C. Policarpi for assistance in strain construction and pilot ribosome profiling experiments, G. Brar for sharing unpublished ribosome profiling data, P. Walter for use of the Su9-TagBFP plasmid, and J. Horst for assistance with anaerobic growth conditions and equipment. M isfolded proteins in the membrane and lumen of the endoplasmic reticulum (ER) are eliminated by ER-associated protein degradation (ERAD) (1, 2) . In Saccharomyces cerevisiae, two ubiquitin ligase complexes, Hrd1 and Doa10, are involved in ERAD and show different specificity for misfolded proteins (1) (2) (3) (4) (5) . Proteins with a misfolded domain in the cytosol (ERAD-C substrates) are targeted to degradation by the Doa10 complex, whereas proteins with misfolded domains in the membrane (ERAD-M) or lumen (ERAD-L) of the ER are ubiquitinated by the Hrd1 complex. The ubiquitin-conjugating (E2) enzyme Ubc7 is part of both complexes, and consequently ubc7D cells are defective in all ERAD branches. Besides misfolded proteins, ERAD is involved in the degradation of specific folded proteins, such as the sterol biosynthetic enzyme HMG-CoA reductase, in response to certain physiological stimuli (2) .
To identify endogenous substrates of the different ERAD branches in S. cerevisiae, we compared the proteomes of doa10D, hrd1D, and ubc7D cells with the use of SILAC (stable isotope labeling by amino acids in culture) followed by quantitative proteomics (6) (table S1). This analysis revealed a set of proteins whose steady-state levels in doa10D or hrd1D were comparable to those in wild-type (wt) cells but were higher in ubc7D mutants relative to wt cells (table S2) . Among these proteins were Erg11 (lanosterol 14-a-demethylase) and Nsg1, both involved in ergosterol synthesis (Fig. 1A and table S2 ). Given that Erg11 is an ER membrane protein and that sterol biosynthesis is regulated by ERAD (2), we tested whether Erg11 was an ERAD substrate. In wt cells, a plasmidborne, functional Erg11 fused to hemagglutinin (Erg11-HA) was degraded with a half-life of~60 min (Fig. 1B and fig. S1A ). We observed similar kinetics of degradation in doa10D, hrd1D, or even doa10D hrd1D double mutant cells (Fig. 1B and  fig. S1B ). In agreement with the SILAC analysis, the degradation of Erg11-HA was delayed in ubc7D, indicating that this E2 works with an uncharacterized ubiquitin ligase (E3). The degradation of Erg11 was further reduced by simultaneous mutation of UBC7 and UBC4, indicating that these E2s have redundant roles in Erg11 ERAD ( fig. S3) .
The ERAD of all known membrane-bound substrates requires the Cdc48 adenosine triphosphatase (ATPase). Inactivation of Cdc48 function in cells bearing the temperature-sensitive cdc48-3 allele showed impaired degradation of Erg11-HA (Fig. 1C) . These findings suggest the existence of an ERAD branch independent of the known E3s Hrd1 and Doa10 but requiring Ubc7 and Cdc48.
Besides the canonical ERAD E3s, there is a third ER integral membrane E3. This is composed of two paralog proteins, Asi1 and Asi3, localized to the inner nuclear membrane (INM) (7, 8) . The INM is connected to the rest of the ER membrane at nuclear pores, which restrict the exchange of proteins between the nucleus and cytoplasm and between the INM and the rest of the ER (9) . Consequently, the INM defines a specialized ER subdomain enriched in proteins with nuclear functions. Indeed, ASI1, ASI3, and several ASI (amino acid signaling-independent) mutants were originally identified as defective in transcriptional repression of amino acid permeases (AAPs) (10) . The effect of Asi1 and Asi3 on AAP expression appears to be achieved by controlling the binding of the transcription factors Stp1 and Stp2 to the promoter of AAP genes without affecting their localization or stability (7, 8) . This repression of AAPs requires Asi2, another INM protein (8) .
Deletion of ASI1, ASI2, or ASI3 (but not of other ASI genes) blocked the degradation of Erg11 
